Energy transfer from several semiconducting organic molecules and polymers to rareearth complexes in the form of spin-cast films is reported. Energy transfer is observed in poly͑N-vinylcarbazole͒ ͑PVK͒ films doped with various europium and samarium complexes. Polystyrene films containing the hole-transporting organic molecule 2-͑4-biphenylyl͒-5-͑4-tert-butylphenyl͒-1,3,4-oxadiazole ͑PBD͒ and the electron-transporting molecule N,NЈ-bis͑3-methylphenyl͒-N,N-diphenylbenzidine also show energy transfer to the europium complexes, but not to the samarium ones. We show that energy transfer from PBD to the europium complexes is more efficient than from PVK. These films are semiconducting and easy to process, so they are candidates for monochromatic light-emitting diodes.
The current interest in photonic technologies has stimulated the search for high performance materials, such as organics and polymers, that at the same time can be prepared by inexpensive techniques. 1 One of the most studied devices is the light emitting diode ͑LED͒, 2,3 whose light emissions originate in small organic molecules ͑OLEDs͒ or in semiconducting polymers ͑PLEDs͒. From the technological point of view, the latest advances in this area are dominated by OLEDs. However, interest in developing PLEDs is rapidly growing, since the manufacturing technologies are solutionbased ͑ink-jet printing, spin coating, etc.͒, and therefore much cheaper than traditional evaporation techniques used for OLEDs. Single-color displays based on arrays of PLEDs are being commercialized. On the other hand, in order to build full-color displays, pure blue, green, and red emissions are required.
Generally, the bandwidths of the emission spectra of small organic molecules and polymers are broad ͓full width at half maximum (FWHM)ϭ50-200 nm]. Therefore, obtaining pure emission colors from these materials is difficult. In contrast, rare-earth ions have very sharp emission spectra (FWHMϽ5 nm), 4 so they would be ideal systems for this purpose. In order to include the ions into organic matrices, soluble rare-earth complexes ͑RECs͒ with organic ligands are used. However, they are not semiconducting, so cannot be used by themselves to build LEDs. A possible route to fabricate LEDs based on these materials is to use the concept of energy transfer ͑Förster transfer͒, 5 in which the films contain a REC and a semiconducting organic molecule, or a polymer. The molecule or polymer is excited electrically, and energy is then transferred to the ion, resulting in a sharp emission. The requirement for this process to take place is that the emission spectrum of the polymer or organic overlaps the absorption spectrum of the ligand. The transfer rate parameters are proportional to the overlap area. Red emitting LEDs based on energy transfer from the hole-transporting organic molecule 2-͑4-biphenylyl͒-5-͑4-tert-butylphenyl͒-1,3,4-oxadiazole ͑PBD͒ to europium complexes have already been demonstrated. 6 In that case, triple-layer-type cells with a structure of glass substrate/indiumtin-oxide/N,NЈ-bis͑3-methylphenyl͒-N-NЈ-diphenylbenzidine ͑TPD͒/Eu complex:PBD/aluminum complex ͑Alq͒͑Mg:Ag͒ were used. All these layers were deposited by vacuum evaporation. Red-emitting LEDs based on energy transfer from the semiconducting polymer poly͓2-͑6Ј-cyano-6Јmethyl-heptyloxy͒-1,4-phenylene͔ to europium complexes have also been fabricated. 7 In this letter we investigate the possibility of transferring energy from the semiconducting organic molecules PBD and TPD, and from the semiconducting polymer poly͑N-vinylcarbazole͒ ͑PVK͒, to several commercial rareearth complexes. PBD and TPD dissolved in polystyrene are deposited by the spin-coating technique. These films could be used to fabricate OLEDs and PLEDs, with the advantage, in both cases, of easy processing by solution-based techniques.
The samples are made by spin-coating, onto glass substrates, 300-1000-nm-thick films from a solution containing a polymer and one or several organic molecules and one rare-earth complex. Two types of films are investigated: ͑1͒ films based on the widely used semiconducting and luminescent polymer PVK, doped with one rare-earth complex and ͑2͒ films based on polystyrene ͑PS͒ ͑inert polymer͒ doped with one or several luminescent and semiconducting organic molecules and one rare-earth complex. Two types of organic molecules are used: the oxidiazole derivative PBD, and the diamine derivative TPD. PVK, TPD, and PBD all absorb in the 300-350 nm spectral region and are luminescent with a͒ Electronic mail: maria.diaz@ua.es APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 21emissions close to 400 nm. 8 In addition, TPD and PBD are organic molecules widely used in light-emitting diodes as good hole-and electron-transporting materials, 3 respectively. Moreover, amplified spontaneous emission ͑ASE͒ has been recently reported in TPD-doped polymer films. 9 PVK is a polymer used in many applications for its hole-transporting properties. With respect to the RECs, three different compounds are investigated: europium tris͑2,2,6,6-tetramethyl-3,5-heptanedionate ͓Eu(tmhd) 3 ͔, the same compound with Sm 3ϩ ͓Sm(tmhd) 3 ͔ and europium tris͓3-͑trifluoromethylhydroxymethylene͒ -͑ϩ͒ -camphorate͔ ͓Eu(tfc) 3 ͔. Their absorption spectra lie in the 400-450 nm region and their photoluminescence ͑PL͒ spectra consist of several sharp emission lines between 550 and 650 nm ͑with the maximum at around 612 nm͒ for the europium complexes, and between 590 and 675 nm ͑with the maximum at around 647 nm͒, for the samarium compound. The lines observed in the europium complexes correspond to transitions between the 5 D 0 state and the 7 F levels of the Eu 3ϩ ion. 10 For the samarium complex, the sharp emissions are due to transitions from the 4 G 5/2 state to the 6 H levels of the Sm 3ϩ ion. 11 All the compounds used in this work are obtained from Aldrich. The solvents for the preparation process are toluene and tetrahydrofuran ͑THF͒ for the PS and PVK films respectively.
The experimental setup to investigate the existence of energy transfer consists simply in measuring the PL emission. The samples are photopumped at 355 nm, which is close to the absorption maximum of TPD, PVK, and PBD, using 10 ns pulses from a frequency tripled Nd:YAG laser ͑10 Hz repetition rate͒. The energy of the pulses is controlled with calibrated neutral density filters. An adjustable slit and a cylindrical lens are used to shape the beam into a 0.5 mm ϫ10 mm stripe. Samples are pumped at normal incidence with the pump stripe straddling the edge of the film. The light emitted from the edge is collected with an Ocean Optics fiber spectrometer.
We prepare films of PVK-doped with Eu(tmhd) 3 , Eu(tfc) 3 , and Sm(tmhd) 3 and collect emission spectra for varying concentrations ͑5%, 10%, 15%, and 20%͒ of the rare-earth ion. As an illustration, we show in Fig. 1 the results for films doped with 5% and 15% of Eu(tmhd) 3 . The spectrum for a pure PVK film is also shown as a reference. The broad bands below 550 nm arise from PVK emission, while the sharp peak at 612 nm is due to the Eu 3ϩ . The intensity of the 612 nm peak clearly grows when the complex concentration increases, while the shape of the PVK emission spectrum changes. For Eu(tfc) 3 and Sm(tmhd) 3 , similar results are observed. As expected, the peak emission for Eu(tfc) 3 appears at the same position as for Eu(tmhd) 3 , while for Sm(tmhd) 3 it is centered at around 648 nm. In order to investigate whether the pump light is absorbed by the PVK or by the bands of the complex, we compare samples made of PS ͑inert polymer͒ and PVK with the same percentage of complex. It is observed that the intensity of the peak due to the ion is several times larger when PVK is present. For the Eu 3ϩ complexes, the PS films show a peak at 612 nm, indicating that the pump energy is absorbed by the bands of the ligand and transferred to the ion. However, its intensity is several times smaller than for the PVK films. In particular, for the 15% REC-doped films, the intensity of the 612 nm peak is 15 times ͓for Eu(tmhd) 3 ] and 5 times ͓for Eu(tfc) 3 ] larger in the presence of PVK. These results are a clear indication that energy transfer from PVK to these Eu 3ϩ complexes takes place, and with a larger efficiency for Eu(tmhd) 3 than for Eu(tfc) 3 . On the other hand, for the Sm 3ϩ complex, the PS films do not show the peak associated with the ion ͑at 648 nm͒, indicating that the process of absorption from the bands of the ligand and transfer to the ion is not sufficiently large to be observed. Therefore, all the energy emitted at this wavelength in the PVK films is due to energy transfer from PVK to the complex.
In order to have an estimate of the effectiveness of the energy transfer process we define the transfer rate parameter ͑TRP͒ as
where I norm (A% REC) and I norm (0) are the intensity ratios of the rare-earth ion peak to the PVK intensity, for films containing A% and 0% REC, respectively. These intensities are obtained by integrating the area below the corresponding part of the curve. For the Eu 3ϩ complexes, the integration ranges were taken from 350 to 604 nm for PVK, and from 604 to 625 nm for the complex. For the Sm 3ϩ compound, intensities were calculated by integrating between 350 and 640 nm for PVK, and between 640 and 655 nm for the complex. TRP values are listed in Table I .
Next, we perform similar experiments with PS based films, in order to investigate the possibility of energy transfer from the semiconducting organic molecules PBD and TPD to the RECs. Since the absorption and luminescence spectra of PBD and TPD are similar to those of PVK, one could expect the possibility of observing energy transfer with these systems as well. We prepare PS films doped with PBD and Eu(tmhd) 3 , Eu(tfc) 3 , and Sm(tmhd) 3 . Experiments were performed for films containing a fixed concentration ͑10%͒ of PBD and varying concentrations ͑5%, 10%, and 15%͒ of the complexes. For both Eu(tmhd) 3 and Eu(tfc) 3 , energy transfer from PBD to the complex is observed, as illustrated in Fig. 2 for Eu(tmhd) 3 . Similar to the PVK results, the intensity of the Eu 3ϩ peak grows when the complex concentration increases, while the PBD emission spectrum changes. By comparing Figs. 1 and 2 , it is clear that the effectiveness of PBD to transfer energy to these complexes is better than that of PVK, although the concentration of PVK in that film is larger than that of PBD. This is also evident by comparing the corresponding TRP values ͑see Table I͒ . We also study films with a fixed concentration of rare-earth ion ͑10%͒ and varying concentration of PBD ͑5%, 10%, and 15%͒, in order to determine the optimal conditions. Films doped with 15% PBD showed saturation. Those doped with 10% PBD are the most effective. Similar results were obtained when Eu(tmhd) 3 was replaced by Eu(tfc) 3 . However, for Sm(tmhd) 3 , no energy transfer was observed.
Results shown in Table I indicate that energy transfer from PVK to Eu complexes is more effective for the ͑tmhd͒ ligand than for the ͑tfc͒. On the other hand, for the PS films, where energy transfer originates in PBD instead of PVK, no clear differences are observed in the behavior of both ligands. It is important to note that the emission spectra of PVK and PBD are very similar, 8 and hence the overlap area with the absorption spectra of the RECs. Therefore, their Förster transfer rates should be practically the same. As a consequence, there is no correlation between these rates and the observed efficiency, suggesting that other mechanisms, such as segregation, might take place. Data in Table I also show that energy transfer from PBD to the europium complexes is more efficient than from PVK, although their För-ster transfer rates are very similar. Also for the samarium complex, the experimental efficiency is not consistent with the Förster transfer rates, since energy transfer to Sm(thmd) 3 is observed from PVK, but not from PBD. In order to clarify the kinetics of the origin of these behaviors additional work, out of the scope of this letter, needs to be done, and will be the subject of our future investigations.
Next, we study PS films doped with TPD instead of PBD, and with Eu(tmhd) 3 , Eu(tfc) 3 , and Sm(tmhd) 3 . Although the absorption and emission spectra of TPD are similar to those of PBD and PVK, no energy transfer to any of the complexes was observed in this case. This might be due to the fact that the luminescence emission of TPD is very efficient. Moreover, recently ASE in TPD-doped PS and PVK films has been reported. 9 This implies that the transition involved in the ASE emission of TPD is a very efficient mechanism. It is reasonable, then, that TPD has a propensity for emitting light rather than transferring energy to a different compound.
Subsequent experiments focused on improving the conducting properties of the samples by using several organic molecules, while keeping the other properties fixed. We prepare PS films containing 10% PBD, 10% Eu(tmhd) 3 , and TPD ͑1%, 2%, 5%, 10%, and 15%͒. Interest in this system is based on the fact that PBD has very good electrontransporting properties, in contrast to TPD, which is a holetransporting material. This strategy might improve the conducting properties of the system, with the additional advantage of having compensated carriers. Moreover, it would not be necessary to include additional transporting layers in the devices. Energy transfer to Eu(tmhd) 3 takes place although it decreases when the TPD concentration increases. Fortunately, the influence of TPD is not critical, at least for low concentrations. We believe that this is due to the fact that PS films doped with PBD and TPD together do not show ASE. 9 In conclusion, we have observed energy transfer from PVK and from PBD to several RECs in both PVK films and PBD-doped PS films ͑and also for small amounts of TPD͒, containing up to 15% REC. Due to the semiconducting properties of these materials, they can be considered as candidates for LEDs. Moreover, since the bandwidth of the RECs emission is very narrow, this would provide a route to fabricate highly monochromatic LEDs.
